Introduction {#S0001}
============

Colon cancer is a high-incidence malignant tumor of the digestive tract. It ranks third in the world amongst malignant tumors, and fourth in terms of mortality. The incidence of colon cancer is higher in developed western countries; however, with the rapid economic growth that developing countries are experiencing, which is leading to improved standards of living, westernized diet structures, and schedule prevalence, the incidence of colon cancer in developing countries is rising rapidly as well.[@CIT0001]

Epidemiological studies show that genetic factors, inflammatory bowel disease, eating habits, consumption of alcohol, and smoking are risk factors for colon cancer.[@CIT0002] From a mechanical point of view, the high-risk factors for colon cancer and the imbalance of intestinal homeostasis contribute to the formation of inflammatory and immunosuppressive microenvironments that encourage the malignant transformation of cells. For example, exposure to long-term risk factors can change the composition and distribution of the intestinal microbiome and promote the survival of pro-inflammatory microorganisms, thereby forming an immunosuppressive microenvironment in which small molecules, such as inflammatory factors, can act as ligands. On interaction with the cell surface receptors of intestinal epithelial cells, the regulatory signals are altered, reshaping cellular gene expression and metabolism, and eventually leading to malignant transformation of the cells. Cell surface receptors are key mediating factors for the interaction between the microenvironment and the cell. Changes in the composition and distribution of cell surface receptors are required for malignant changes to occur and for microenvironmental information to adapt to the microenvironment. Numerous studies have shown that targeted therapies and immunotherapeutic techniques based on surface receptors, such as EGFR, PD-1, and CART, play an important role in the treatment of malignant tumors, including colon cancer.[@CIT0003] Therefore, it is important to identify the receptors that impact the development of colon cancer, develop new therapeutic targets, and reduce the risk of resistance to individual drugs.

During the course of treatment, the side-effects caused by anti-cancer drugs limit their use; at the same time, tumors are prone to drug resistance. Currently, there is no effective solution to this problem;[@CIT0004] however, the discovery of S1PR regulators brings new ideas for potential solutions. S1PR1 is the first cloned S1PR gene; it was discovered and cloned in 1990 while researchers were screening for key genes involved in the early differentiation of endothelial cells.[@CIT0005] In the following decade, S1PR2, S1PR3, S1PR4, and S1PR5 were successively discovered and cloned. The distribution of S1PRs in different tissues is different; however, they are the most highly expressed in cells with immune functionality.[@CIT0006],[@CIT0007] This discovery first revealed the role of S1PRs in immune regulation. Inhibitors against all S1PRs or particular S1PRs have been developed; some have been used as immunomodulators in clinical applications, such as Fingolimod, which combines with S1PR1, 3, 4, and 5. Fingolimod has been approved by the US FDA to treat multiple sclerosis.[@CIT0008],[@CIT0009] As the key role of S1P in the regulation of tumors has been revealed, the role of S1PRs in tumors is beginning to be understood. RNA interference and gene knockout studies in cell lines and mouse models have revealed the roles of S1PRs in tumor growth, invasion, and angiogenesis-related metastasis.[@CIT0010]--[@CIT0012] Studies have shown that S1PRs exert their effects on tumors in a tissue-specific manner. Thus, the specific roles and mechanisms of S1PRs in different tissue types can be utilized for the development of new therapeutic techniques. Although studies have confirmed that S1P is closely related to colon cancer development, the expression level, function, and mechanism of S1PRs in colon cancer have not been reported.

The comprehensive role of S1P in inflammatory and immune microenvironments and the existing research on S1PRs indicate that S1PRs may play an important role in cancers, especially those associated with inflammation, such as colon cancer. Therefore, S1PR5, which is significantly elevated in colon cancer, was either over-expressed or knocked down in colon cancer cell lines, and its function and mechanism were studied at the cellular and animal levels. This study will help to reveal the pathogenesis of colon cancer and provide the basis for using S1PR5 as a target for diagnosing and treating colon cancer.

Materials and Methods {#S0002}
=====================

Material and Instrument {#S0002-S2001}
-----------------------

### Reagents {#S0002-S2001-S3001}

Reagents for this study included: TRIzol reagent (Thermo Fisher Scientific, USA), citrate buffer (pH=6.0) (Wuhan Boshide Corporation, China), qSYBR Green PCR kit (Shanghai GenePharma, Shanghai, China), reverse reaction kit (Promega, USA), 10×RT buffer (Dalian Bao Biotech Company, China), DEPC water (Sigma-Aldrich, USA), MMLV reverse transcriptase (Dalian Bao Biotech Company, China), 2.5 mM dNTP mixture (Nanjing Kaiji Biotech., China), 10× PCR buffer (Promega, USA), fetal bovine serum (Thermo Fisher Scientific, USA), trypsin/EDTA (Thermo Fisher Scientific, USA), Transwell chamber (Merck, USA), Lipofectamine TM 2000 (Thermo Fisher Scientific, USA), CCK-8 (Tongren Chemical Research Institute, Japan), Annexin V-FITC Apoptosis Detection Kit (Promega, USA), and RPMI-1640 medium (Life Technologies, Gaithersburg, MD).

### Instruments {#S0002-S2001-S3002}

Instruments for this study included: a thermostatic magnetic stirrer (Jiangsu Jintan Medical Instrument Co., Ltd., China), an oven (Jiangsu Jintan Medical Instrument Co., Ltd., China), a low temperature high speed centrifuge (Sigma-Aldrich, USA), an incubator (Sigma-Aldrich, USA), an Olympus optical microscope (Olympus Corporation, Japan), a carbon dioxide incubator (Sanyo Co., Japan), an FE-20 pH meter (Mitler, Switzerland), a DK-2000-IIIL constant temperature water bath (Tianjin Test Instrument Factory, China), an SOP 62--0025 Pure water meter (Millipore, USA), a 7500 fluorescence quantitative PCR instrument (ABI, USA), a flow cytometer (BD Biosciences, USA), pipettes (Eppendorf, Germany), a micro high-speed benchtop cryogenic centrifuge (Sigma-Aldrich, USA), and BCLB/C nude mice (Slyke Jingda company, Hunan, China).

Experimental Method {#S0002-S2002}
-------------------

### Specimen Sources {#S0002-S2002-S3001}

All samples in this study were derived from cancer tissues and the corresponding paracancer tissues (no less than 2 cm from the tumor edge) of 98 colon cancer patients who received surgical treatment in the affiliated cancer hospital, Xiangya Medical College of Central South University, from January 2017 to December 2017. The human tissue samples collected and used for testing were approved by the informed consent of the patients and the ethics committee of the affiliated cancer hospital, Xiangya Medical College of Central South University.

### Cell Experiment {#S0002-S2002-S3002}

Four colon cancer cell lines, SW480, SW620, HCT-116, and LoVo, and a healthy colonic epithelial cell line, NCM460 (Shanghai institute of cell biology, Chinese academy of sciences), were selected for the study. The cells were cultured in RPMI 1640 medium (Life Technologies, Gaithersburg, MD), containing 10% fetal bovine serum (Thermo Fisher Scientific, USA) and 100 U/mL streptomycin, in an incubator (Sigma-Aldrich, USA) at 37 °C and 5% CO~2~.

### Establishment of the Subcutaneous Xenograft Model {#S0002-S2002-S3003}

SW480/NC, SW480/S1PR5, SW620/NC, and SW620/shS1PR5 were cultured to logarithmic growth phase, trypsinized, and counted. Fetal bovine serum (Thermo Fisher Scientific, USA), trypsin/EDTA (Thermo Fisher Scientific, USA), RPMI-1640 medium (Life Technologies, Gaithersburg, MD), and 2×10^6^ cells were injected into approximately 5-week-old female nude mice (BCLB/C nude mice, Slyke Jingda company, Hunan, China). Tumor growth was monitored every third day, and the long and short diameters of the tumor were recorded. After 21 days, the nude mice were sacrificed using the routine procedure, the tumors were photographed and weighed, and the subcutaneous tumors were fixed with paraformaldehyde after being photographed. Log phase cells were collected and resuspended in the medium after centrifugation, and the concentration of the cell suspension was adjusted by adding 100 μL of complete medium to each well. Thereafter, the density of the cells to be tested was adjusted to 4000 cells per well, sterile PBS was added to the wells, and the cells were incubated in a 37 °C incubator with 5% CO~2~. Subsequently, 100 μL of fresh medium was added to each well at 0, 12, 24, 48, and 72 h. Three wells with 100 μL cell culture medium alone were used as blank controls. After adding 10 μL of CCK-8 (Tongren Chemical Research Institute, Japan) solution to each well, incubation was continued for 0.5--4 h in a cell culture incubator. Initially, detection with a microplate reader was conducted at 0.5, 1, 2, and 4 h. Thereafter, suitable time points were selected for measuring the absorbance range for the next four experiments. The absorbance (OD value) of each well was determined at 450 nm on the microplate reader, and the average value of each group was calculated by repeating the experiment thrice.

### Invasion Experiment {#S0002-S2002-S3004}

The matrigel was removed from the −20 °C refrigerator and placed at 4 °C before being transferred to a clean bench. The matrigel was diluted with serum-free medium (1:8 = matrigel:medium) and added to the upper chamber of a 24-well Transwell chamber, which was placed at 4 °C overnight and then kept at room temperature for 30 min the next day. The residual liquid in the culture plate was aspirated, 50 μL of serum-free medium containing 10 g/LBSA was added to each well, and the cells were serum-starved for 12--24 h at 37 °C for 30 min to remove the effect of serum before the cell suspension was prepared. The transfected experimental and negative control group SW480 and SW620 cells were trypsinized, resuspended, and counted. A total of 200 x liters of cell suspension containing 2 x 10^5^ cells was added to the upper chamber of the Transwell unit, and 600 μL of DMEM medium, containing 20% FBS, was added to the lower chamber. Following incubation for 2 h at 37 °C in a CO~2~ incubator, the Transwell chamber was rinsed thrice with PBS, and 4% paraformaldehyde was used to fix cells at room temperature for 30 min. Thereafter, the matrigel and the tumor cells in the upper chamber were gently wiped off with a cotton swab and stained with 0.1% crystal violet for 20 min. Excess crystal violet was washed off with water, and the Transwell chamber was oven dried. Photographs were taken using an upright light microscope, and nine fields were randomly chosen for cell counts. The experiment was repeated three times, independently.

### Western Blot {#S0002-S2002-S3005}

The cells cultured to logarithmic growth phase were scraped off, and 1 mL lysate was used following homogenization. After 30 min, the supernatant was collected by centrifugation (Sigma-Aldrich, USA) at 12,000 rpm for 10 min. The protein concentration of each tube was measured by the BCA method and adjusted with the loading buffer. A total of 20 μg of protein was mixed with SDS buffer, denatured at 95 °C for 5 min, and electrophoresed on a 10% SDS-PAGE gel. The protein sample and the gel loading buffer were mixed at a volume ratio of 4:1, boiled, and denatured on an electric furnace. After cooling to room temperature, 40 μg of protein sample was loaded onto each lane. The electrophoresis buffer was added to the electrophoresis tank, and the samples were electrophoresed. When the bromophenol blue dye indicator reached the bottom of the separation gel, the power supply was disconnected. The gel was removed from the electrophoresis tank, immersed in the transfer buffer for half an hour to equilibrate, and electrophoresed for about 60 min. The membrane was removed, stained with Ponceau for 5 min, and rinsed with TBST. Thereafter, the membrane was placed in a hybridization bag with 5% skim milk powder solution as the blocking agent and then incubated at room temperature for 1 h with gentle shaking. After removing the blocking solution, appropriately diluted primary antibody (S1PR5 1:500) was added to the membrane, which was sealed after removing air bubbles and incubated at 4 °C overnight. Subsequently, the filter was rinsed thrice with BST for 10 min and placed in a hybridization bag, and the corresponding secondary antibody labeled with horseradish peroxidase (anti-rabbit IgG 1:500) was added at 0.1 mL/cm^2^. After removing the bubbles, the membrane was incubated at room temperature for 1 h and rinsed thrice with TBST for 10 min. Chemiluminescence was detected with a gel imaging system.

### The Expression of Interstitial Phenotype Related Factor S1PR5 mRNA Was Detected by qPCR {#S0002-S2002-S3006}

Colonic cancer and normal colon epithelial cell lines were collected, total RNA was extracted by the TRIzol method (TRIzol reagent, Thermo Fisher Scientific, USA;qSYBR Green PCR kit, Shanghai GenePharma, Shanghai, China), RNA concentration was determined with an ultraviolet spectrophotometer, and purity was determined. Total RNA reverse transcription was synthesized in cDNA using a reverse transcription kit. The reaction conditions were 25 °C, 5 min, 42 °C, 30 min, 85 °C, 5 min and 4 °C. QPCR was amplified and detected by fluorescence quantitative PCR. QPCR reaction conditions were as follows: pre-denaturation at 95 °C for 5 min, 95 °C for 5 s, 60 °C for 30 s, 72 °C for 20 s, and 65 °C for 5 s, for a total of 40 cycles. The relative mRNA expression level of S1PR5 was calculated by 2-ΔΔCt.

### The Expression of S1PR5 Was Detected by Immunohistochemistry {#S0002-S2002-S3007}

The expression of S1PR5 protein was detected in paraffin pathological sections according to the SP immunohistochemical kit instructions. Rabbit anti-human S1PR5 monoclonal antibody was diluted to a 1:200 ratio with biotinylated goat anti-rabbit secondary antibody and horseradish peroxidase labeled chain enzyme oviparin (triantibody) as the original solution in the kit. After adding DAB reagent to develop color, the rabbit anti-rabbit secondary antibody was stained with hematosin and sealed with neutral resin. Immunohistochemical staining showed that brown-yellow granules were positive in the cytoplasm and in vivo. The double-blind method was used to observe the whole field of view in tissue sections. The semi-quantitative integration method was used to determine the results and the positive location, as follows: (1) number of positive cells: 0 points for no positive cells, \<10% is 1 point, 10% \~ 50% is 2 points,\>50%50% is 3; (2) the positive intensity of staining, colorless or similar to the background color was 0 points, light yellow was 1 point, tan was 2 points, tan was 3 points. The integrals of (1) and (2) were multiplied; the integral \<4 was divided into low expression, and the integral ≥4 was divided into high expression. (3) Ki67 index (labeling index, LI). Ten fields of each section were randomly selected. Ki67 positive cells were counted, and the percentage was calculated under a low-power microscope (×200). The average value was Ki67LI. As there were multiple fields with different scores in all tablets, the mean values of the largest and smallest were selected for immunohistochemical scoring. Strong staining of the nucleus was positive, weak staining of the nucleus or cytoplasm was negative. Among them, if the number of positive cells was ≥10%, it was referred to as high Ki67LI, and if the number of positive cells was \<10%, it was referred to as low Ki67LI.

Data Processing {#S0002-S2003}
---------------

SPSS20.0 was used for statistical analysis. Continuous variables were marked with mean ± standard deviation, the *t*-test and Mann--Whitney test were used for comparison, and the rate or percentage of categorization variables were marked. The Chi-square test and Fisher's exact test were mainly used for comparison. P\<0.05 was considered statistically significant.

Results and Discussion {#S0003}
======================

Expression of S1PR5 in Colon Cancer Cell Lines {#S0003-S2001}
----------------------------------------------

The expression levels of S1PR5 mRNA in four colon cancer cell lines, SW480, SW620, hct-116, and Lovo, and in normal colonic epithelial cells from the NCM460 cell line were detected using qRT-PCR. The results showed that the expression of S1PR5 mRNA in all four colon cancer cell lines was significantly higher than that of normal colonic epithelial cell lines (NCM460) (p\<0.05). Among the four colon cancer cell lines, S1PR5 mRNA expression was the lowest in SW480 and the highest in SW620 ([Figure 1A](#F0001){ref-type="fig"}). Western blot also confirmed that the expression of S1PR5 protein in colon cancer cells was lower than that in normal colonic mucosal tissues ([Figure 1B](#F0001){ref-type="fig"}). Therefore, the role and mechanism of S1PR5 in colon cancer were investigated by down-regulating the expression of S1PR5 in SW620 cells and up-regulating the expression of S1PR5 in SW480 cells.Figure 1Expression of S1PR5 mRNA and protein in colon cancer cells and colonic epithelial cells. (**A**) qRT-PCR; (**B**) Western blot detection. (\* refers to the difference between normal colonic epithelial cell line and NCM460, *P*\<0.05; \*\* refers to the difference between normal colon cells and NCM460, *P*\<0.01).

Tumor Weight of Each Group of Nude Mice {#S0003-S2002}
---------------------------------------

The nude mouse model was prepared by subcutaneous injection. Tumors were removed and weighed. Tumors of SW480/NC, SW480/S1PR5, SW620/NC, and SW620/shS1PR5 groups weighed 1.54 ± 0.1, 2.8 ± 0.4, 1.8 ± 0.2, and 0.5 ± 0.1 g, respectively ([Figure 2](#F0002){ref-type="fig"}). Based on these tumor volume results, it was found that S1PR5 promotes the subcutaneous tumorigenic ability of colon cancer cells.Figure 2Comparison of tumor weight of nude mice in each group (n=5). (**A**) Morphology of the skin of the four groups of nude mice after peeling; (**B**) S1PR5 overexpression promotes subcutaneous tumor growth of SW480 cells; (**C**) S1PR5 expression knockdown inhibits the growth of subcutaneous tumors of SW620 cells.

Molecular Role of S1PR5 {#S0003-S2003}
-----------------------

To further analyze the potential role of S1PR5 in colon cancer, two cell lines were established: the SW480 colon cancer cell line with stable overexpression of S1PR5, and the SW620 colon cancer cell line knocked out by S1PR5 expression, which is commonly detected using Western blot in colon cancer. Western blot analysis of the signaling molecules of common signaling pathways, such as AKT, STAT3, JNK, and NF-кB, showed that the change in S1PR5 expression only affected the NF-кB signaling pathway ([Figure 3](#F0003){ref-type="fig"}). These results suggest that S1PR5 may play a role in regulating the NF-кB signaling pathway. The hallmark event of the NF-кB signaling pathway is the translocation of p65 into the nucleus. Therefore, the relationship between S1PR5 and the NF-кB signaling pathway was investigated through evaluation of the distribution of p65 in the cytoplasm and the nucleus.Figure 3Western blot analysis of the effects of S1PR5 expression on common signaling molecules.

S1PR5 Regulates P65 Activity in Colon Cancer Cells {#S0003-S2004}
--------------------------------------------------

Nucleolar protein is used to support the nuclear envelope and participate in the disintegration and re-formation of the nuclear envelope in the cell cycle. The effects of S1PR5 expression on p65 expression in the cytoplasm and nucleus were detected by WB. In this study, the results showed that the expression of S1PR5 was correlated with the presence of p65 in the nucleus. In S1PR5 knockout cells, p65 levels decreased in the nucleus. However, in S1PR5 overexpressing cells, p65 levels in the nucleus increased, with the difference being statistically significant (P \< 0.05) ([Figure 4](#F0004){ref-type="fig"}).Figure 4Effects of S1PR5 on cytoplasmic and nuclear p65 levels.

Effect of P65 Intervention on S1PR5-Related Cell Biological Function {#S0003-S2005}
--------------------------------------------------------------------

Furthermore, the relationship between NF-κB and S1PR5-related biological functions was confirmed. The SW480 cell line, which overexpresses S1PR5, was transfected with shRNA p65, and the S1PR5 knockdown SW620 cell line was transfected with p65 eukaryotic expression plasmid. The effect of p65 on the biological function of S1PR5 was evaluated.

The CCK-8 experiment showed that SW480 cells proliferated significantly after S1PR5 overexpression, while SW480 cells proliferated after transfection of shRNA p65, which did not differ from SW480 cells in the control group ([Figure 5A](#F0005){ref-type="fig"}). After S1PR5 expression was knocked down, SW620 cell proliferation was significantly inhibited, and after transfection with p65 eukaryotic expression plasmid, SW620 cell proliferation ability was restored, with no difference between SW620 cells and the control group ([Figure 5B](#F0005){ref-type="fig"}). This suggests that p65 is important for S1PR5 as a target.Figure 5Effect of p65 and S1PR5 intervention on colon cancer cell proliferation. (**A**) p65 knockdown antagonizes the ability of S1PR5 to promote colon cancer cell proliferation; (**B**) Overexpression of p65 restores the proliferation ability of colon cancer cells caused by knockdown of S1PR5.**Note:** \*Means that the difference is statistically significant at the same time point as the corresponding control group, with P \< 0.05.

Transwell experiments showed that after S1PR5 overexpression, the migration and invasion ability of SW480 cells was significantly enhanced, and after transfection with shRNA p65, the proliferation and migration of SW480 cells decreased. There was no difference between SW480 cells and the control group. After S1PR5 expression was knocked down, the migration and invasion abilities of SW620 cells were significantly inhibited, and after transfection with p65 eukaryotic expression plasmid, SW620 cells migrated and invaded with no difference between the SW620 cells and the control group, suggesting that p65 is important for S1PR5 as a target ([Figures 6](#F0006){ref-type="fig"}--[9](#F0009){ref-type="fig"}).Figure 6Effects of NF-κB and S1PR5 on cell migration and invasion in colon cancer (×100). (**A**) S1PR5 overexpression promotes the migration of colon cancer cell line SW480, while p65 knockdown antagonizes the migration of S1PR5 overexpressing cells (left panel shows the control; middle panel shows S1PR5 overexpression; and right panel shows S1PR5 overexpression combined with p65 knockdown); (**B**) S1PR5 overexpression promotes invasion of the colon cancer cell line SW480, while p65 knockdown antagonizes the pro-invasive effect of S1PR5 overexpression (left panel shows control; middle panel shows S1PR5 overexpression; and right panel shows S1PR5 overexpression combined with p65 knockdown); (**C**) S1PR5 knockdown inhibits migration of the colon cancer cell line SW620, while p65 overexpression reverses the migration inhibition of S1PR5 knockdown (left panel shows control; middle panel shows S1PR5 expression knockdown; and right panel s S1PR5 expression knockdown combined with p65 expression); (**D**) S1PR5 knockdown inhibits invasion of the colon cancer cell line SW620, while p65 overexpression reverses the invasion of S1PR5 knockdown (left panel shows control; middle panel shows S1PR5 expression knockdown; and right panel shows S1PR5 expression knockdown combined with p65 expression).Figure 7Effect of S1PR5 expression on the expression of NF-κB target genes. (**A**) SW480 cells; (**B**) SW620 cells.**Note:** \*Means that the difference was statistically significant, compared with the NC group (P \< 0.05).Figure 8Effect of S1PR5 expression on IDO1 protein expression.Figure 9Effects of IDO1 and S1PR5 on proliferation of colon cancer cells SW480 (**A**) and SW620 (**B**). (**A**) Western blot assay showing increased expression of IDO1 in SW480 cells after S1PR5 overexpression; (**B**) CCK-8 assay results showing that SW480 cells grew faster after S1PR5 overexpression, and SW480 cell growth slowed down after transfection of IDO1 shRNA; (**C**) Western blot assay showing that expression of IDO1 in SW620 cells decreased after S1PR5 knockdown; (**D**) CCK-8 assay results showing that SW620 cells grew slower after S1PR5 knockdown, and SW620 cells grew after transfection with IDO1 overexpression plasmid.

Screening for Downstream Target Genes and Validation of NF-κB {#S0003-S2006}
-------------------------------------------------------------

NF-κB is an important transcription factor that exhibits increased activity in most tumor cells. A variety of carcinogenic factors may promote cell growth by activating the NF-κB pathway, thereby causing malignant transformation of the cells and promoting tumor cell metastasis.[@CIT0013] As a transcription factor, NF-κB plays a biological role mainly by regulating downstream gene expression. Since colon cancer is mostly accompanied by an inflammatory response, it was speculated that NF-κB promotes the development of colon cancer by regulating the expression of inflammatory factors. Biosignal analysis and literature reviews were used to identify IL-6, TNF-α, and indoleamine 2, 3-dioxygenase 1 (IDO1) as downstream effectors of the NF-κB pathway,[@CIT0014],[@CIT0015] which are involved in the inflammatory response. These three genes were speculated to be potential target genes for NF-κB in colon cancer. qRT-PCR was first used to detect the expression of common NF-κB downstream target genes, including IL family members and IDO1, in SW480/S1PR5 and SW480/shS1PR5 cells ([Figures 6](#F0006){ref-type="fig"} and [7](#F0007){ref-type="fig"}). The results showed that IDO1 expression was consistent with the trend of NF-κB expression, suggesting that S1PR5 regulates the expression IDO1 through NF-κB, thereby promoting the proliferation and metastasis of colon cancer. It has been shown previously that IDO1, a cancer gene, is abnormally elevated in various tumors.[@CIT0016]

IDO1 Is an Important Target for S1PR5 in Colon Cancer {#S0003-S2007}
-----------------------------------------------------

The expression S1PR5 was found to correspond with the expression of IDO1, and this expression trend was consistent with the change in NF-κB expression. IDO1 is a downstream target gene of NF-κB, which lends the speculation that S1PR5 is involved in colon cancer. Since IDO1 is regulated by NF-κB, it could play a role in cancer cell proliferation, migration, and invasion. To confirm this hypothesis, the expression of IDO1 was inhibited in SW480/S1PR5 cells and up-regulated in SW620/shS1PR5 cells, and changes in cell proliferation, migration, and invasion were evaluated.

Overexpression of S1PR5 resulted in an increase in IDO1 levels, as revealed by Western blot, while the CCK-8 assay showed that SW480 cell growth increased significantly. Overexpression of S1PR5 in SW480 cells transfected with IDO1 shRNA resulted in a decrease in IDO1 expression levels, as revealed by Western blot, while the CCK-8 assay results showed that SW480 cell growth decreased. There was no difference between the SW480 cells and the control group (P \> 0.05) ([Figure 12](#F0012){ref-type="fig"}). Knockdown of S1PR5 expression gave rise to a decrease in IDO1 expression, as revealed using Western blot, while the CCK-8 assay results showed that SW620 cell proliferation was significantly inhibited. S1PR5 expressing SW1 cells transfected with IDO1 overexpression plasmid showed a restoration in SW620 cell proliferation ability. No statistically significant (P \> 0.05) difference between SW620 and control group cells was observed ([Figure 13](#F0013){ref-type="fig"}).

Transwell experiments showed that S1PR5 overexpression caused a significant enhancement in the migration and invasion abilities of SW480 cells, while transfection with IDO1 shRNA caused a decrease in the proliferation and migration abilities of SW480 cells, with no difference between SW480 cells and the control group (P \> 0.05). After S1PR5 expression was knocked down, the migration and invasion abilities of SW620 cells were significantly inhibited. Further, after transfection with the IDO1 eukaryotic expression plasmid, SW620 cells migrated and invaded, and no difference was found between SW620 cells and the control group (P \> 0.05) ([Figures 9](#F0009){ref-type="fig"} and [10](#F0010){ref-type="fig"}).Figure 10Effect of IDO1 and S1PR5 on cell migration and invasion of colon cancer (×100). (**A**) S1PR5 overexpression promotes the migration of SW480 colon cancer cells, while IDO1 knockdown antagonizes the migration effect of S1PR5 overexpression (left panel shows control; middle panel shows S1PR5 overexpression; and right panel shows S1PR5 overexpression, with IDO1 knockdown); (**B**) S1PR5 overexpression promotes the invasion of SW480 colon cancer cells, while IDO1 knockdown can antagonize the pro-invasive effect of S1PR5 overexpression (left panel shows control; middle panel shows S1PR5 overexpression; and right panel shows S1PR5 overexpression, with IDO1 knockdown); (**C**) S1PR5 knockdown inhibits the migration of SW620 colon cancer cells, while IDO1 overexpression can reverse the migration inhibition caused by S1PR5 knockdown (left panel shows control; middle panel shows S1PR5 expression knockdown; and right panel shows S1PR5 expression knockdown, with IDO1 expression); (**D**) S1PR5 knockdown inhibits invasion by SW620 colon cancer cell lines, and IDO1 overexpression can reverse the invasion of S1PR5 knockdown (left panel shows control; middle panel shows S1PR5 expression knockdown; and right panel shows S1PR5 expression knockdown, with IDO1 expression).

IDO1 and p-p65 are Highly Expressed in Colon Cancer Clinical Samples, and S1PR5 is Positively correlated with IDO1 and p-p65 Expression {#S0003-S2008}
---------------------------------------------------------------------------------------------------------------------------------------

Immunohistochemistry was used to detect the expression IDO1 and p-p65 in clinical samples, and their correlation with S1PR5 expression was analyzed. The results showed that IDO1 and p-p65 were highly expressed in the colon cancer samples and correlated with S1PR5 expression ([Tables 1](#T0001){ref-type="table"}--[4](#T0004){ref-type="table"}). IDO1 was mainly expressed in the cytoplasm and could be seen as brown granules. Positive expression was judged under the microscope, using the following criteria: the cell membrane or cytoplasm had brownish-yellow particles, and the staining was significantly higher than the background. p-p65 is mainly expressed in the nucleus, and brown granules indicate positive expression ([Figures 11](#F0011){ref-type="fig"} and [12](#F0012){ref-type="fig"}).Table 1Expression of IDO1 in Colon Cancer and Adjacent Tissues (n=98)IDO1 ExpressionNPPositive Rate (%)Colon cancer tissue (n=98)247475.51Paracancer tissue (n=98)762222.45χ[@CIT0002]20.142*P*\< 0.01 Table 2Expression of p-p65 in Colon Cancer and Adjacent Tissues (n=98)p-p65 ExpressionNegativePositivePositive Rate (%)Colon cancer tissue (n=98)178182.65Paracancer tissue (n=98)831515.3χ[@CIT0002]39.276*P*\< 0.01 Table 3Correlation Analysis Between S1PR5 and IDO1 in Colon CancerIDO1+(n=74)**−**(n=14)S1PR5+(n=72)6210**−**(n=16)124r0.682*P*\< 0.01 Table 4Correlation Analysis Between S1PR5 and p-p65 in Colon Cancerp-p65+(n=81)**−**(n=17)S1PR5+(n=72)702**−**(n=16)111r0.693*P*\< 0.01 Figure 11Expression of IDO1 in colon cancer and adjacent tissues (n=98). (**A**) Strong positive expression of IDO1 in colon cancer tissues (×100); (**B**) Strong positive expression of IDO1 in colon cancer tissues (×400); (**C**) Positive expression of IDO1 in colon cancer tissues (×100); (**D**) Positive expression of IDO1 in colon cancer tissues (×400); (**E**) Negative expression of IDO1 in colon cancer tissues (×100); (**F**) Negative expression of IDO1 in colon cancer tissues (×400).Figure 12Expression of p-p65 in colon cancer and adjacent tissues (n=98). (**A**) Strong positive expression of p-p65 in colon cancer tissues (×100); (**B**) Strong positive expression of p-p65 in colon cancer tissues (×400); (**C**) Positive expression of p-p65 in colon cancer tissues (×100); (**D**) Positive expression of p-p65 in colon cancer tissues (×400); (**E**) Negative expression of p-p65 in colon cancer tissues (×100); (**F**) Negative expression of p-p65 in colon cancer tissues (×400).

Expression of S1PR5, IDO1, and p-p65 in Subcutaneous Tumors of Colon Cancer in Nude Mice {#S0003-S2009}
----------------------------------------------------------------------------------------

After the subcutaneous tumor-bearing nude mice were sacrificed, the tumors were removed, and Western blot was used to detect the expression levels of S1PR5, IDO1, and p-p65 ([Figure 13](#F0013){ref-type="fig"}). Consistent with the results from clinical samples, the expression trends of p-p65 and IDO1 aligned with the expression trend of S1PR5.Figure 13Expression of S1PR5, IDO1, and p-p65 in subcutaneous tumor model of colon cancer in nude mice.

Discussion {#S0004}
==========

S1PRs belong to the G protein-coupled receptor family and are involved in the regulation of almost all important cellular signaling pathways.[@CIT0017] Under S1P stimulation or constitutive activation, S1PRs may activate pathways, such as ERK2, JNK, PI3K/p38 MAPK, and PI3K/AKT/mTOR, through different subunits of the coupled G protein, which further activate YAP, AP-1, and transcription factors, such as STAT3 and NF-κB, in order to promote the expression of effector molecules and exert their biological effects. Consistent with the results of functional studies of S1PRs in tumors, information on the specific mechanism by which S1PRs regulate tumors is also mainly obtained from related studies of S1PR-3. S1PR1 can promote cell proliferation, survival, and migration by regulating multiple signaling pathways, such as Ras/ERK, PI3K/AKT, PI3K/Rac, STAT3, and PLC. Among them, the positive feedback regulation between S1PR1 and STAT3 is an important mechanism for S1PR1-mediated promotion of tumor progression. Overexpression of S1PR1 can activate STAT3, which can induce the transcription of S1PR1, thereby maintaining the activity of STAT3, sustained expression and secretion of IL-6, and activation of IL6-JAK-STAT3 in tumors. The positive feedback regulation between S1PR1 and STAT3 plays important roles in implantation at the distal end of myeloma cells, gemcitabine resistance in pancreatic cancer, angiogenesis and metastasis of hepatocellular carcinoma, activation of diffuse large B-cell lymphoma, and regulation of T-cells in tumor-related processes, such as infiltration.[@CIT0018],[@CIT0019] S1PR2 may regulate PI3K/AKT, mTOR, and other signaling pathways to promote tumor progression. It can also act as a signaling molecule downstream of the TGF-β/TGF-βR2/SMAD1 signaling pathways, inhibiting the progression of diffuse large B-cell lymphoma. Typically, S1PR2 promotes survival and invasive proliferation of hepatoma cells and esophageal cancer stem cells by activating the YAP/Hippo signaling pathway. S1PR3 can also activate pathways such as YAP and PI3K/AKT in order to affect tumorigenesis. S1PR3 is more representative, specifically owing to its regulation of the Notch signaling pathway. In triple-negative breast cancer cells, S1PR3 mediates the role of SphK1/S1P in promoting malignant progression of tumor cell proliferation, invasion, and chemotherapy resistance. In breast cancer stem cells, S1PR3 also mediates the activation of Notch SphK1/S1P, where activation of Notch is independent of the presence of ligands for Notch.[@CIT0020]

There is little research on S1PR5 in tumors. Studies in HeLa cells have shown that S1PR5 can mediate the activation of the PI3K/AKT pathway by S1P, thereby promoting mitosis. In addition, studies in a mouse model of Huntington's disease have shown that S1PR5 may be involved in the activation of signals, such as BDNF, AKT, and ERK. Therefore, the molecular mechanism by which S1PR5 plays a role in tumors remains to be elucidated. In the present study, the effects of S1PR5 expression on the activity of signaling molecules known to be regulated by S1PRs, such as AKT, ERK, NF-kB, and STAT3, were examined in order to reveal the molecular mechanism by which S1PR5 plays a role in colon cancer. The results showed that activation of NF-kB was the most significant, especially after a change in S1PR5 expression, which suggests that NF-κB may be a key mediating factor for the tumorigenic function of S1PR5 in colon cancer. Further, functional experiments showed that inhibition of NF-κB activity may significantly antagonize the cancer-promoting function of S1PR5 in colon cancer. Therefore, our study confirmed that S1PR5 promotes colon cancer progression mainly by activating NF-κB.

The NF-κB signaling pathway plays a key role in numerous physiological and pathological processes. It is responsible for regulating the immune system, inflammation, infection, and other stress responses.[@CIT0021]--[@CIT0025] An abnormal NF-κB signaling pathway is closely related to tumors, atherosclerosis, diabetes, chronic inflammatory diseases, and other major diseases that threaten human life.[@CIT0001],[@CIT0026] In most tumors, abnormal NF-κB signaling is one of the main features, and it helps promote tumorigenesis and drug resistance by regulating the expression of genes involved in apoptosis, invasion, tumor development, treatment resistance, and recurrence. In this study, we demonstrated that S1PR5 can activate NF-κB activity in a classical manner, and inhibition of NF-κB activity is resistant to the effects of S1PR5 on the proliferation, migration, and invasion of colon cancer cells, indicating that NF-κB mediates the role of S1PR5 in promoting the malignant progression of colon cancer. This study not only reveals the molecular mechanism by which S1PR5 promotes tumorigenesis in colon cancer but also demonstrates that NF-κB plays an important role in colon cancer; thus, targeting the combination of S1PR5 and the NF-κB pathway may prove to be an effective treatment modality for the inhibition of colon cancer.

IDO1 is one of the rate-limiting enzymes that catalyzes tryptophan catabolism by the kynurenic acid pathway.[@CIT0027]--[@CIT0029] Abnormal metabolism of tryptophan or IDO1 may cause severe inhibition of the immune system and have serious consequences. Therefore, enhanced tryptophan metabolism is an important mechanism for tumor cell immune escape. In immune and inflammatory tumor microenvironments of colon cancer,[@CIT0030]--[@CIT0033] IDO1 can be regulated by NF-κB transcription.

Conclusions {#S0005}
===========

It was speculated that IDO1 may be affected by S1PR5 regulation, since NF-κB mediates the function S1PR5. The results confirmed that S1PR5 may regulate the expression level of IDO1 and be NF-κB dependent. Knockdown or overexpression of IDO1 may antagonize or restore, respectively, the effects of S1PR5 overexpression/knockdown on the growth, migration, and invasion of colon cancer cells. Additionally, in colon cancer tissues, high expression levels of S1PR5, NF-κB, and IDO1 showed a significant positive correlation with each other. Nucleolar protein supports the nuclear envelope and participates in the disintegration and re-formation of the nuclear envelope in the cell cycle. In summary, this study demonstrated that S1PR5 induces the expression of IDO1 in an NF-κB-dependent manner, thereby promoting the malignant progression of colon cancer, and that targeting S1PR5/NF-κB/IDO1 may help inhibit colon cancer.
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